Vibrational sounding, which is a form of echolocation, is a means of host location by some parasitoid wasps. The wasp taps the substrate (wood, stem or soil) and detects the position of a potential host through the returning`echoes'. The deployment of vibrational sounding is inferred through the form of the subgenual organ in the female tibia in combination with the presence of modi¢cations to the female antenna used for tapping the substrate. Vibrational sounding and its associated modi¢cations were found in two families. The use of vibrational sounding by parasitoid wasps was positively correlated with the depth of the host in the substrate relative to the size of the parasitoid. There were also signi¢cant correlations between the use of vibrational sounding and parasitism of immobile and concealed hosts and between vibrational sounding and idiobiosis. The data suggested that vibrational sounding evolved under a variety of ecological conditions, being employed in the location of wood-boring, stem-boring, soildwelling and cocooned hosts and stem-nesting aculeates, often in situations in which the host does not produce vibrations itself.
INTRODUCTION
Interpreting the adaptive signi¢cance of a trait can be achieved through experimentation or correlation (Williams 1992 ). Here we integrate these methodologies using phylogenies of the Hymenoptera, together with the results of published experimental work on a limited number of species, so as to infer which ecological conditions have promoted the evolution of an unusual method of host location, i.e. vibrational sounding.
Studies aimed at elucidating the historical processes underlying the diversity of host use patterns of parasitic wasps have focused primarily on broad-scale factors such as host taxon and habitat type (e.g. Shaw 1983 Shaw , 1988 Gauld 1988 ). Another approach is to examine some of the more mechanistic, wasp-level factors that have played a role in generating host range. One such factor is the method of host location employed. Although the mechanics of host location are only understood for a minority of hymenopteran taxa, a comparative approach towards the evolution of host location mechanisms in di¡erent taxa should make a more holistic explanation of patterns of shifts in host range emphasis possible. Here we take a step towards this aim by examining the distribution and ecology of one form of host location. The use of vibratory cues emanating from potential hosts is well documented in parasitoid wasps (Meyho« fer & Casas 1999) . However, the use of self-p roduced vibrational signals, i.e. echolocation via a solid medium, in detecting hosts is less well understood, having only been demonstrated for two species of the ichneumonid genus Pimpla, both of which are idiobiont endoparasitoids of cocooned Lepidoptera pupae (Henaut & Guerdoux 1982; Wa« ckers et al. 1998) .
The use of vibrational sounding can be inferred by examining external morphology. The wasps produce pulses of sound by tapping the substrate with their antennae (Henaut 1990; Otten et al. 2000) and then detect the echoes with particularly enlarged subgenual organs in the legs . These may contain approximately 400 vibration-detecting scolopale cells per organ ) compared with 3^50 in most insects (Menzel & Tautz 1994) and are externally obvious as swollen and clavate tibiae. The antennae bear hardened modi¢cations which may take the form of`hammers', pegs or thickenings of the apical £agellomeres with projections (¢gure 1) (Gauld 1997; Wahl & Gauld 1998; Vilhelmsen et al. 2001) . Further, the subgenual organ in taxa that use vibrational sounding is enlarged in females only, and only females have modi¢ca-tions to the antennae associated with tapping a substrate. Parasitoids that are known to rely upon the host's vibratory cues rather than vibrational sounding for detecting their hosts have neither enlarged subgenual organs nor antennal modi¢cations.
We have established the phylogenetic distribution of vibrational sounding across the Hymenoptera and tested for factors that may explain its distribution. We predict the evolution of vibrational sounding to be associated with the parasitism of deeply concealed hosts and, in particular, of immobile hosts such as pupae. Further, since it is a fairly indiscriminate form of host location (Halstead (1987) reported on an example of attempted oviposition into bean seeds), we hypothesize that, if this was the primary means of host location, it would be correlated with idiobiosis, i.e. parasitoids that do not allow the host to grow or metamorphose beyond the stage attacked (Askew & Shaw 1986 ). In contrast, koinobiont parasitoids, which allow the host to develop further following parasitism and which typically have more intimate physiological interactions with their hosts (Mayhew & Blackburn 1999) , would be expected to rely on more discriminating clues as to the identity of the potential host.
MATERIAL AND METHODS

(a) Measurements
Female wasps were interpreted as using vibrational sounding by the presence of both relatively enlarged and clavate tibiae, indicating the presence of an enlarged subgenual organ, and an antennal modi¢cation (as described in ½ 1), the shapes of which di¡er clearly from the unspecialized forms found in the males. In a few taxa, e.g. Gasteruptiidae and Peradeniidae, both sexes p ossess grossly expanded and clavate hind tibiae. It is assumed that, if this is a hypertrophied subgenual organ, then it is not swollen solely for reasons of host location because males do not detect hosts. Females of a few taxa p ossess swollen tibiae but not antennal modi¢cations; these are presumed not to be using vibrational sounding.
The degree of subgenual organ develop ment was expressed as the absolute intersexual di¡erence in the ratio of the length to the breadth of the fore tibia. For the ichneumonid subfamily Xoridinae, all members of which appear to use vibrational sounding, subgenual organ development was measured on the fore, mid and hind legs for a range of species of di¡erent ovip ositor length.
Body length was measured from the anterior edge of the eyes to the tip of the metasoma. Ovipositor length was measured at the maximum extrusion. The relative depth of the host, thè ovip ositor prop ortion' , was de¢ned as the length of the exp osed ovipositor divided by the length of the body. Taxa were scored according to (i) whether their hosts are concealed or not, (ii) idiobiosis, (iii) immobility of the host at the time of parasitism, and (iv) type of host substrate (wood or soil). Measurements for the rare proctotrup oid Peradenia clavip es were taken from Naumann & Masner (1985) .
(b) Phylogeny construction
One hundred and thirty-seven exemplar species were chosen from as wide a taxonomic and biological range as possible. In the course of this study we examined 55 of the 58 parasitoid families (with data for one further family extracted from the literature) for evidence of vibrational sounding of hosts. Emphasis was placed on the Ichneumonidae, where vibrational sounding seemed to be most prevalent, with approximately 800 genera examined.
The phylogeny of the Hymenoptera used for the mapping of traits and for the comp arative analyses (see ½ 2(c)) (¢gures 2 and 3) was taken from Basibuyuk et al. (2001) at the family level. Basibuyuk et al. (2001) is a reanalysis of Rasnitsyn's (1988) data with the inclusion of more recent character systems (data set available at http://www.bio.ic.ac.uk/research/dlq/ matrix.pau). The phylogeny of the Ichneumonidae (¢gure 3) was taken from Quicke et al. (2000) with further resolution from various sources (Townes 1969; Wahl & Gauld 1998; Gauld & Wahl 2000; Gauld et al. 2001) . All of the xoridine sp ecies group s of Wahl (1997) were measured for tibial dimensions and ovipositor size. A phylogenetic p icture of the very large sup erfamily Chalcidoidea is a fanciful concept at present. Inclusion of many more taxa in a taxonomic hierarchy would have been uninformative or misleading as many of the higher taxa are evidently para-or polyphyletic (LaSalle et al. 1997; Gibson et al. 1999 Figure 2 . Phylogeny of the hymenopteran species (Ichneumonidae excluded) used in the comparative analyses. Compiled from Gibson (1995) , Grissell (1995) , Ronquist (1995) , Belshaw et al. (1998) and Basibuyuk et al. (2001) . Figure 3 . Phylogeny of the ichneumonid species used in the comparative analyses.
(c) Comparative analyses and phylogenetic independence
The program Comparative Analysis using Indep endent Contrasts (CAIC) (Purvis & Rambaut 1995) was used in order to test for correlations involving at least one continuous character. Regressions for two continuous characters were carried out on the indep endent contrasts, with the regression line forced through the origin. A one-tailed t-test was p erformed on the contrasts for one continuous and one categorical variable in order to test whether the dep endent variable increased in the same direction as the indep endent variable (that is, whether the mean of the contrasts signi¢cantly di¡ered from zero). Indep endent contrasts methods are not applicable to tests of two categorical variables. Maddison's (1990) concentrated changes test, as imp lemented in MacClade (Maddison & Maddison 1992) , was used for testing for correlated evolution of two categorical variables. As the test requires that the tree be strictly bifurcating and our phylogenies contained polytomies, each test was p erformed on ten random, completely bifurcating resolutions of the phylogeny. A potential problem with this method is that large, uniform blocks of taxa make the results of the test more likely to be signi¢cant (Sille¨n-Tullberg 1993; Grafen & Ridley 1997) . In order to circumvent this problem we pruned sections of the tree where the taxa were uniform for both characters being tested down to one exemplar sp ecies. This resulted in a very conservative test of association. The results are reported with n as the number of gains of the dependent variable on branches of the tree where there were gains in the indep endent variable. The range of probabilities using ten random resolutions of the p hylogeny is given.
RESULTS
(a) Phylogenetic distribution
Vibrational sounding for hosts, as inferred by the presence of both an enlarged subgenual organ and antennal modi¢cations in the female, was found in only two out of 56 parasitoid hymenopteran families examined. All members of the putatively most basal parasitoid family, the Orussidae (Gibson 1985 (Gibson , 1993 Whit¢eld 1992; Vilhelmsen 1997) , possess these characters, as do ¢ve out of approximately 39 subfamilies of the Ichneumonidae (table 1) .
The use of vibrational sounding was parsimoniously reconstructed to have evolved on seven occasions (the Claseinae were not included in the comparative analyses due to con£icting opinions on their systematic position within the Ichneumonidae). However, further phylogenetic resolution of the ichneumonid subfamilies Pimplinae and Cryptinae may reveal that the use of vibrational sounding has evolved on more occasions.
(b) Correlates of vibrational sounding
Vibrational sounding modi¢cations were positively correlated with (i) the presence or absence of host concealment (nˆ9 and pˆ0.009^0.019), (ii) the relative depth of concealment (d.f.ˆ21, tˆ3.66 and p 5 0.001), (iii) parasitoid idiobiosis (nˆ6^7 and pˆ0.001^0.025), and (iv) the parasitism of immobile host stages (not including eggs) (nˆ7 and p 5 0.001^0.001). There was no signi¢cant correlation across the vibrational sounding Hymenoptera as a whole between the degree of subgenual organ development and the relative depth of the host (d.f.ˆ15, Fˆ4.12 and pˆ0.062). This latter result was duplicated for the sizes of the subgenual organs of the fore, mid and hind legs of xoridine ichneumonids (d.f.ˆ16, F 5 0.001^0.56 and pˆ0.465^0.964) at a narrower taxonomic scale. There was no signi¢cant correlation between host substrate and the use of vibrational sounding (wood substrate, nˆ4 and pˆ0.062^0.096, and soil substrate, nˆ3 and pˆ0.370^0.430). Vibrational sounding taxa included parasitoids of wood-boring beetles and wood wasps, stem-nesting Hymenoptera, stem-boring Lepidoptera and Hymenoptera, cocooned Lepidoptera pupae and soil-dwelling Diptera. (204) many genera Claseinae (two) (sensu Porter 1998) Ecphysis; included as a tribe in Cryptinae by Gauld (1983) Pimplinae (66) Pimplini (nine) many species of Pimpla and Itoplectis and at least one species of Echthromorpha
DISCUSSION
The results supported our hypotheses that enlarged subgenual organs and antennal modi¢cations are positively correlated with greater relative host depth, immobility of the host and idiobiosis. Vibrational sounding was only found in certain members of two families out of approximately 58 parasitoid families. Notably, no taxa exhibiting the outward manifestations of vibrational sounding were found within the biologically and numerically hugely diverse superfamily Chalcidoidea. The data suggested that analogous adaptations to vibrational sounding evolved under a variety of ecological conditions, being employed in the location of woodboring, stem-boring, soil-dwelling and cocooned hosts and stem-nesting aculeates, as a means of detecting immobile host stages in concealment.
The method employed here for testing whether or not two discrete characters are correlated (Maddison 1990 ) required knowledge of the number of occasions the trait of interest has evolved and been lost. Parsimony reconstructions showed vibrational sounding to have evolved on seven occasions. The uncritical use of parsimony may not always be the best method of reconstructing ancestral character states accurately if there is an unequal probability of gains and losses (Cunningham et al. 1998) . The possibility exists that vibrational sounding was a feature of early parasitoids, which was then lost in many lineages as they exploded in diversity, as many of those taxa employing vibrational sounding occupy rather basal branches of the hymenopteran tree (i.e. Orussidae as the sister group to the rest of the parasitoid Hymenoptera (Gibson 1985 (Gibson , 1993 Whit¢eld 1992; Vilhelmsen 1997 ) and Xoridinae and Labeninae as basal ichneumonid subfamilies (Quicke et al. 1999) ). More complete phylogenetic pictures of the groups involved should enable us to determine the number of evolutions of vibrational sounding more accurately.
Much speculative work concerning the evolution of host range emphasis has assumed the general applicability of Gauld's (1988) hypotheses of host use in ichneumonoids (e.g. Whit¢eld 1998), i.e. that parasitoids have followed hosts from deep concealment to loose concealment to exposure, with major life-history alterations being associated with shifts in host stage and host exposure. This assumption is called into question by the knowledge that some ichneumonid groups use vibrational sounding. To some extent, the patterns of host use observed within the Ichneumonidae are likely to have been dependent upon the constraints and opportunities arising from the use of vibrational sounding by taxa that are idiobionts and attacking concealed, immobile hosts. Some of the di¡erences observed in reproductive biology within the Ichneumonidae can also be explained by the use of vibrational sounding, for example amongst parasitoids of wood-boring hosts there is a much higher success rate in contacting hosts of Xorides brachylabis, which uses vibrational sounding, when compared to Rhyssa persuasoria, which does not (Chrystal & Skinner 1931) . The advantages of accurate host location are obvious when one considers the e¡orts of these wasps, drilling through several centimetres of wood whilst being exposed to considerable predation pressure (Quicke 1997) . However, there is no evidence at present as to why some taxa employ this method of host location and why some do not.
We have demonstrated the adaptive signi¢cance of two traits involved in the location of deeply concealed immobile hosts by vibrational sounding using a comparative method. We now need more information on the host location mechanisms employed by other parasitoids of deeply concealed hosts in order to understand the role that host location plays in generating host range.
